Abstmct-Invert acoustic data using sparse arrays -at the limit with a single hydrophone -is a challenging task.
I. INTRODUCTION
In nowadays, rapid environmental assessment by acoustic means is a subject of intense research [l] . In this context it is important to use light receiving acoustic systems that are easier to deploy and less expensive then full length vertical arrays. This paper describes the results of acoustic inversions achieved with a sparce 4 hydrophone vertical array during the INTIMATE'S8 experiment [2] , that took place in a shallow water area off the coast of France in the Gulf of Biscay. This work, experimentally demonstrates, that using a known broadband source, in our case with a bandwidth of 700Hz, acoustic tomography is possible with a relatively simple receiver in an internal waves induced highly variable environment.
The results presented are for different stages of acoustic inversion: source range and source depth, water depth and sound speed profile. In this work the inversion of acoustic data is stated as an optimization process, where brute force search and genetic agorithms were used to found a modeled signal that minimizes the misfit with a measured signal. Figure 1 shows the position of the different instruments. This work will focus on acoustic data acquired on moored arrays at positions G1 and G2, ctd data acquired on position G11 and temperature sensors data acquired on position M3. The sound source is suspended from a ship at position GO. The bathymetry is range independent along GO-G1 line, and slightly range dependent along GO-G2 line with a upslope of 1Om. According to independent direct measurements, the bottom characteristics are approximately homogeneous along both lines. Table I summarizes the mean values of the baseline  environment [ 5 ] .
Each array has 8 hydrophones at depths ranging from 34m to 104m at 10m spacing. The hydrophone at 54m in G1 and the hydrophones at 94m and 104m at G2 were not working.
TABLE I BASELINE ENVIRONMENT PARAMETERS
The signal emitted is a 300-1000Hz linear frequency modulated (Ifm) pulse in the sequence: 2s duration Ifm, 2s idle, 4s duration lfm, 4s idle. Figure 2 presents the mean sound speed profile as measured from ctd data captured during a period of 20 hours at G11 (a), and the first 2 empirical orthogonal functions(eof) derived from this data set (b). One can observe a well defined thermocline between 15m and 25m. The first 2 eofs were used since they account for more then 90 percent of the energy. The received data is pulse compressed, that is the received waveform is correlated with a replica of the transmitted signal. After pulse compression, the envelopes are computed and averaged -10 in our case -to stabilize the estimates.
The obtained signal is generally called as arrival pattern, since it emphasizes the echo structure of the transmission channel. To avoid unknown signal amplitude fluctuations the averaged arrival patterns have normalized enerw. The obtained arrival pattern i,s noted as a(t). In order to balance weak and strong echoes in the arrival pattern the log is computed:
where k is a constant set to 30dB that shifts log-arrival patterns to positive values. Using an ocean-acoustic model and the apriori knowledge of the emitted source signal, the modeled arrival pattern m(t, $) is computed with a procedure equivalent to the one described above, where 4 represents the model parameters. The measure of misfit between measured arrival patterns and simulated ones is done by correlation:
where the fit is
Next, the inversion is formulated as an optimization procedure, looking for the maximum of f(4). Brute force and genetic algorithms based search will he used. Note that this processor operates on a single hydrophone, while an extension to N hydrophones uses the geometric average,
where f<($) is the fit associated to hydrophone i,i = l , . . . , N .
IV. INVERTINGFORSOURCERANGEANDSOURCEDEPTH
The first step in acoustic data inversion addresses the estimates of source range and source depth. The source range was sampled from 6km to 1 3 h with a sampling interval of 50m, the sonrce depth was sampled at depths 55, 60, 65, 70, 72, 74, 78, 80, 85, 90 and 95 meters. The sound speed profile used to generate simulated arrival patterns was extracted from one of the ctd casts acquired during the period of observation. The bottom characteristics and water depth values were those of table I. The optimization procedure was a brute force search. The model CSNAP [7] was used to generate arrival patterns. Since the acquisition start time is different for each array, there is about two hours observation period for GO-G1 the range independent track and one hour for the GO-G2 range dependent track. Lahels G1 and G2 point out the start of the respective period. The inversion results were achieved using hydrophones that are well bellow the thermocline (at 74m, 84m, 94m and 104m for G1 and 74m and 84m for G 2 ) .
One can remark that acoustic inversions' results agree with the GPS data both for the range independent track and for the range dependent track, even for source depth, which pressure sensor denotes important instantaneous variability.
V. MULTISTAGE INVERSION OF SOUND SPEED PROFILE
Since our goal is 1,o invert the sound speed profile, the next step was to decrease the search space for source range and source depth, using the information available from navigation system and introduce new parameters in the search: sound speed profile represented by two eofs and the wat.er depth that is generally a relevant parameter. The optimization is from now on implemented by genetic algorithm source range source depth coef. first eof (GA) search, since search space grows exponentially with the number of parameters. The fit function used in GA is computed by expression (4) from acoustic data of hydrophones at 74m, 84m, 94m, 104m (GO-G1) track. The PROSIM model [SI is used to compute the arrival patterns, since this model is more efficient for broadband calculations than CSNAP and computation time is of concern here. Only inversions from the range independent track are discussed next (GO-G1 track). The final results are obtained from a multistage procedure, where from one stage to the next we use the last stage estiniates to reduce the search space. The water depth fluctuation around a mean value highly depends on barotropic tide. In our case, following a tidal model [9], the peak to peak tide amplitude is about 3m. In this stage the main goal is to estimate water depth as function of time and verify the agreement of those estimates with the tidal model. The search space and the parameter discretization is summarized in table 11.
The stars in figure 4 represent the inversion estimates. The continuous curve superimposed in this figure is obtained from the tidal model offset by the mean water depth.
It can be remarked that the evolution of the acoustic 10 0.65 
Fig. 4. Water depth estimates (stars) and true water depth corrected with tide estimates (solid line)
estimates of water depth is in agreement with the tidal model. Also the source range and source depth inversions (not presented here) are in agreement with navigation data.
B. Sound speed estimates
In this stage we restrict even more the search space for the parameters: source depth, source range, and water depth. Only the search space for eof coefficients are not restricted from the previous stage. Table 111 summarizes the new search intervals and their discretization for the various parameters. Figure 5 illustrates the inversion results obtained for the eof coefficients during GO-G1 track. For each arrival pattern the inversion was done by several independent runs of the GA to avoid the dependence on the initialization. In the figure, the best individual of each independent run for a given arrival pattern is represented by a star, a circle, a square a pentagram or a hexagram. One can see that for the great part of cases the best values found for the various coefficients arein the neighbourhood of the best of the bests, which denotes the convergence of the a p plied method. profile between sound source and array. Also, the ctd casts are acquired every half an hour, which is not sufficient for properly sampling the sound speed perturbations due to internal waves observed in the experiment area [5]. The internal wave phenomenon could be the justification for the variability observed on acoustic inversions. position between sound source and array. The sampling frequency is 1 sample per second. The 15.5"C was chosen because it represents a middle value of the thermocline. The corresponding sound speed 1506 ms-' is derived from estimated eof coefficients, by acoustic inversions.
Analyzing the fignre, one can say that the results from acoustic inversioG are in line with non acoustic measurements: during the period of observation only one inversion is clearly out of the general trend(around julian date 189.75), the shape of the curves is similar and only a offset can he identified in the second half of acoustic inversions.
VI. CONCLUSION
The INTIMATE!B data set processed in. this paper emphasizes that wich a reduced number of hydrophones, one can derive information about sourcereceiver geometry, barotropic tide and baroclinic tide. It was shown that with a simple array of 4 hydrophones sound speed perturbations can be tracked in challenging environments where internal waves activity is important. The achieved results are remarkable since this is an environment with important sound speed fluctuations, the geometrical parameters are not well known a priori, sourcearray synchronization is not available and the array has a small number of hydrophones. This work is intended to he a contribution to
